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An electrostatically actuated micro peristaltic pump is reported. The micro pump is entirely surface
micromachined using a multilayer parylene technology. Taking advantage of the multilayer technology, the
micro pump design enables the pumped fluid to be isolated from the electric field. Electrostatic actuation of the
parylene membrane using both DC and AC voltages was demonstrated and applied to fluid pumping based on
a 3-phase peristaltic sequence. A maximum flow rate of 1.7 nL min21 and an estimated pumping pressure of
1.6 kPa were achieved at 20 Hz phase frequency. A dynamic analysis was also performed with a lumped-
parameter model for the peristaltic pump. The analysis results allow a quantitative understanding of the
peristaltic pumping operation, and correctly predict the trends exhibited by the experimental data. The small
footprint of the micro pump is well suited for large-scale integration of microfluidics. Moreover, because the
same platform technology has also been used to fabricate other devices (e.g. valves, electrospray ionization
nozzles, filters and flow sensors), the integration of these different devices can potentially lead to versatile and
functional micro total analysis systems (mTAS).
Introduction
Recently there has been enormous interest in the research and
development of microfluidics because of increasing demands
from biological applications such as genomics,1 proteomics,2
and drug discovery. The micro pump is one of the most
important microfluidic devices for mTAS. It provides the
driving force to mobilize fluids in the system, which then
enables functions such as mixing, reaction, injection, and
separation. Previously, micro pumps have been demonstrated
using several actuation mechanisms and fabrication technolo-
gies.3 Unfortunately, most of them have inherent technological
limitations that prevent their use in large-scale integration.
In general, pumps can be divided into two categories:
mechanical pumps and non-mechanical pumps. Because non-
mechanical pumps can be realized using simple structures
without moving parts, they are straightforward in terms of
fabrication and well suited for integration. However, their
performance often critically depends on fluid and surface
properties. For example, electroosmotic pumping can be affected
by such properties as permittivity and zeta potential.4 Similarly,
electrohydrodynamic pumps are directly affected by the
conductivity of the fluid.5 Also, fluid transport based on
electrowetting is highly dependent on the fluid’s surface tension.
Mechanical pumps can handle a large variety of fluids, but
often involve complicated structures and present integration
challenges, as is evident in rotary pumps (requiring bearings)
and some diaphragm pumps (requiring check valves). How-
ever, peristaltic pumps are a class of mechanical pumps that are
relatively simple in structure and suitable for miniaturization.
Moreover, electrostatic actuation is well suited to peristaltic
pumping. It consumes much less power than other actuation
mechanisms (e.g., thermopneumatic actuation) while still
delivering reasonable pumping flow rates and pressures.
Compared to piezoelectric actuation, electrostatic actuation
can produce more displacement without complicated fabrica-
tion, leading to a higher expansion/compression ratio. Since
microfluidic systems are especially useful for biological
applications, the low-power and low-temperature operation
of electrostatic pumping is even more attractive. Despite these
advantages, electrostatic pumping has not been adequately
investigated in the literature. An electrostatic pump using
plastic molding technology was reported but offered only
limited miniaturization.6 Another micromachined electrostatic
peristaltic pump was reported without any testing results.7 We
report here the first completely surface-micromachined and
electrostatically actuated peristaltic pump, and demonstrate its
successful operation. In addition, we present a lumped-
parameter model to analyze the operation of the peristaltic
pump. With the model, the dynamics of peristaltic pumping,
not addressed by existing micro pump models,8–10 are
appropriately investigated. We consider the dynamics of
individual pumping chambers and account for the interactions
of such component dynamics by a system representation of the
peristaltic pump. The resulting model can quantitatively
explain important pumping characteristics such as flow rate
and pumping pressure, and correctly predict the trend in the
experimentally observed pump characteristics.
The micro pump is realized by a multilayer parylene, surface-
micromachining technology that we have recently developed11
to enable large-scale microfluidics. Similar approaches to
polymer-based microfluidic integration have also been reported
by other researchers. For example, a multilayer PDMS
microfluidic system was developed that allows rapid prototyp-
ing12 and large-scale integration.13 However, this type of
system still requires off-chip pneumatic supply and control,
which could potentially limit the miniaturization of the whole
system and its application in portable systems. The motivation
for the development of our multilayer parylene technology is to
enable the integration of various fluidic devices on a single chip.
By using a common fabrication technology for all devices, the
difficulty of integrating multiple devices, which are fabricated
using different technologies, is eliminated. Moreover, the
integration on a single chip also eliminates problems (e.g.,D
O
I:
1
0
.1
0
3
9
/b
4
0
3
9
0
6
h
L a b C h i p , 2 0 0 4 , 4 , 4 9 5 – 5 0 1 4 9 5T h i s j o u r n a l i s  T h e R o y a l S o c i e t y o f C h e m i s t r y 2 0 0 4
M I N I A T U R I S A T I O N F O R C H E M I S T R Y , B I O L O G Y & B I O E N G I N E E R I N G
precise alignment and micro plumbing) encountered in multi-
chip packaging.
Design and fabrication
Design
A schematic of the mechanical structure and operation
principle of the micro pump is given by Fig. 1. Because the
micro pump is based on surface-micromachining technology,
its basic design is chosen to be a membrane pump. It has three
pumping chambers connected in series. Essential components
of each pumping chamber include an actuation chamber, a
fluid channel, and a moving membrane that separates them.
The actuation chamber is vented to the ambient through a
venting hole. A fixed ground electrode is located on the
substrate at the bottom of the actuation chamber and coated
with parylene to isolate it from the environment. A top
electrode is incorporated into the moving membrane and is
sandwiched between two parylene layers. Together, this
composite structure forms the moving membrane. On top of
the moving membrane, the fluid channel is created which runs
through all three pumping chambers. When an actuation
voltage is applied between the two electrodes, electrostatic
force will pull down the membrane and cause volume
expansion in the fluid channel on top. When the three pumping
chambers are actuated using a 3-phase peristaltic sequence,14
the resulting peristaltic motion will induce pumping of the fluid
inside the channel. A key feature of this design is that the
electric field is confined inside the actuation chamber, which is
filled with air, so it is separated from the liquid-filled fluid
channel. Previously reported pumps7 lacked this feature. This key
advantage is made possible by the multilayer technology. This
pump design greatly reduces the risk of electrolysis inside the fluid
channel, and is also highly desirable for applications involving
biological substances or chemical reagents, such as proteins and
cells, which could be affected by high electric fields.
Electrostatic pull-in is a well-known instability in the
behavior of an elastically supported parallel-plate electrostatic
actuator. To achieve maximum volume compression/expansion
ratio, the pump needs to operate around the pull-in mode so
the membrane deflection can be at a maximum. We adopted a
closed-form model15 for the pull-in voltage of clamped circular
diaphragms, which is approximately the case for the moving
membrane. The model accounts for contributions of both
bending stiffness and residual membrane stress to the overall
membrane stiffness, and takes the form
VP~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:55stm(dzti=ep)
3
ae0r2
s
(1)
where a ~ 1 1 2(1 2 cosh k)/(k sinh k) and k ~ 0.825
(r/tm)[12(1 2 n
2)s/E]1/2. Here s, E and n are the residual stress,
Young’s modulus, and Poisson’s ratio of parylene. r and tm are
the membrane radius and thickness, d is the initial electrode
gap height, ti and ep are the thickness and dielectric constant of
the parylene insulation layers between the electrodes, and e0 is
the perimittivity of free space. These symbols are also listed in
the Appendix.
Eqn. (1) is the basis on which we designed the physical
dimensions of our pump. In choosing the parameters, many
fabrication constraints have to be considered. For example, in
order to achieve good electrical isolation around the electrodes,
1 mm parylene is necessary. Although thicker parylene
improves the isolation, it also increases the membrane stiffness
and results in more energy loss. For the composite moving
membrane, two 1 mm thick parylene layers were chosen, and
hence tm ~ 2 mm. Also, ti ~ 2 mm as there are two 1 mm
insulation layers between the electrodes.
For safety and power consumption reasons, Vp should be
minimized. A high actuation voltage also makes the pump
prone to electrolysis because the fringing field can still leak into
the fluid channel. Based on eqn. (1), to reduce the pull-in
voltage, the height of the actuation gap d should be kept small,
but a small actuation gap leads to a reduced volume expansion,
which will cause the pumping rate to be small. Moreover,
stiction becomes a serious problem when the gap between two
surfaces is too small. We address this stiction problem in detail
in a later section. Based on these considerations, d was chosen
to be 3 mm in the design. Since Vp is inversely proportional to r,
a larger membrane offers a lower Vp, but this larger membrane
is also more easily affected by stiction. In the fabricated device,
r was chosen to be 100 mm to limit Vp below 200 V. The fluid
channel height h on top of the actuation membrane is related to
compression/expansion ratio. While considering the capabil-
ities of the sacrificial photoresist process, h was designed to be
around 1 mm to maximize this ratio. Channels that are
connected to the pump have a typical cross section of 100 mm
(W) 6 5 mm (H).
Fabrication
The fabrication process of the micro pump is shown in Fig. 2.
Four layers of parylene were used as the structural material,
photoresist and sputtered Si as the sacrificial materials, and
chrome/gold as the electrode material. To start 1.5 mm thermal
silicon oxide was grown on 4 inch silicon wafer. The backside
oxide was patterned as a mask for DRIE etching. Inlets and
outlets for the fluidic channels were then etched from the
backside by DRIE using a standard Bosch process until a 50 mm
thick silicon membrane was left. The main purpose of the inlet
and outlet is to provide access to the pump for testing and
characterization, so they are not an essential part of the pump.
The process was continued on the front side. The front side
oxide was patterned to expose the inlet and outlet for the fluidic
channels that were formed later in the process. A Cr/Au (10 nm/
300 nm) layer was thermally evaporated on the front side to
form the bottom electrode. To isolate the bottom electrode
from the environment, 1 mm parylene-C was deposited using
room temperature chemical vapor deposition. Before parylene-
C deposition, the adhesion promoter A-174 (SCS) was applied
to the surface to ensure good adhesion between the parylene
and the substrate. Next, a 300 nm sacrificial amorphous silicon
layer was sputtered. The amorphous silicon was patterned
using SF6 chemistry and photoresist as the mask. On top of the
amorphous silicon layer, the first photoresist sacrificial layer
(4 mm thick) was formed and patterned. The combination of
the amorphous silicon and the first photoresist sacrificial layer
together defines the actuation gap. Next, the moving actuation
diaphragm, consisting of a parylene/metal/parylene sandwich
structure, was created. To do this, a second 1 mm thick
parylene-C layer was deposited and patterned; the top
electrode layer was formed by another evaporated Cr/Au
Fig. 1 Schematic of the micro pump design and operation. (a) Micro
pump design. (As an example, the middle moving membrane is pulled
down by electrostatic force). (b) 3-phase peristaltic sequence. Arrows
indicate pumping direction.
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layer (10 nm/180 nm); and a third 1 mm thick parylene-C layer
was deposited to encapsulate the top electrode. This encapsula-
tion insured that the electrode was isolated from the liquid-
filled fluid channel. Patterning of the parylene was performed
using oxygen plasma with photoresist as a mask. Once the
moving membrane was finished, the fluid channel was formed
by a second photoresist sacrificial layer and a 4.5 mm thick
fourth parylene-C layer. The height of the fluid channel, as
determined by the thickness of the second photoresist sacrificial
layer, varied as a result of the uneven step coverage of
photoresist over the existing structures. A partial double
exposure was carefully performed to reduce the channel height
immediately above the actuation chamber as required by the
design specifications. Then, the remaining silicon membrane
was etched away using DRIE to fully open the inlet and outlet
of the fluid channel. Finally, the sacrificial photoresist was
released using acetone. After releasing, the chips were rinsed
with isopropanol and dried.
One important feature of this technology is that the whole
process was carried out at low temperature once the silicon
oxide was grown. All of the parylene and photoresist process
steps were performed below 120 uC. Although exact tempera-
tures during oxygen plasma etching, XeF2 etching, and
metallization were not measured, they were estimated to be
v120 uC as well. This opens up the possibility of integrating
electronics underneath the microfluidic network and perform-
ing post-CMOS surface micromachining. Fig. 3 is a photo-
micrograph of a fabricated micro pump.
Some process steps required special attention. To ensure
sufficient adhesion of the parylene, before its deposition, either
the adhesion promoter was used or several cleaning steps, such
as a short period of O2 plasma etching or a 5% HF dip for up to
30 s were performed. Also, for large membranes, stiction could
happen during the drying process after the photoresist was
dissolved away. To solve the stiction problem and produce a
freestanding membrane, the remaining sputtered amorphous Si
layer was etched away using gas phase XeF2 or BrF3 etching.
16
Although a 4 mm sacrificial layer was used to compensate for
any membrane deformation caused by stiction, the final
actuation gap d was still less than the original design value.
Experimental
Electrostatic actuation
To test the electrostatic actuation of the moving membrane, a
DC voltage was applied to the top electrode while the fixed
electrode on the substrate was grounded. By varying the
applied voltage and observing the actuation, the pull-in voltage
can be determined. It was found that the pull-in voltage was
typically around 110 V, but could vary from 80 V to 130 V
between different chips. Large differences in pull-in voltage
were observed especially between chips from different wafers.
This variation in pull-in voltages was expected since pull-in is
very sensitive to the actuation gap height d. Because stiction
likely caused permanent deformation of the membrane, and
since the degree of stiction can be affected by many factors (e.g.
drying speed), final values of d were not well controlled. As
suggested by eqn. (1), a 25% variation in d can change the pull-
in voltage by a factor of 2. By comparing surface profile scans
(WYKO NT1100, Veeco Instruments) of the actuation
membrane before and after actuation, d was estimated to be
around 2 mm. To calculate the theoretical pull-in voltage from
eqn. (1), the residual stress s and the Young’s modulus E were
chosen to be 20 MPa and 3.2 GPa respectively. These values are
based on a previous study17 and the temperature history of the
parylene membrane during the fabrication process. For a
100 mm radius and 2 mm thick parylene membrane with 2 mm
actuation gap, the theoretical pull-in voltage is 126 V, which
lies in the range of measured values.
If the membrane was actuated for extended durations or at
high voltages (w200 V), shifts in the pull-in voltage were
observed. In some cases, the membrane would remain in the
actuated state even after the applied voltage was released. This
type of behavior has been observed on other electrostatically
actuated parylene structures studied by our group. Parasitic
charging of dielectric surfaces was believed to be the main
cause.18,19 In addition to inconsistent actuation, electrolysis of
the liquid in the channel was a serious problem as well. To
reduce the extent of electrolysis and charging of the dielectric
interface, an AC actuation signal was used.19 For this study, a
5 kHz sinusoidal driving signal was used for the electrostatic
actuation. The pull-in voltage using this AC signal was
measured to be approximately 140 Vpeak (100 Vrms). Even
after extended periods of actuation, attenuation of the
actuation magnitude was not observed.
Peristaltic actuation
3-phase peristaltic actuation was explored for the micro pump.
For each actuation chamber, a control signal switched a solid-
state relay that subsequently controlled the AC actuation
voltage. Effectively, the control signal forms an envelope over
Fig. 2 Multilayer parylene technology used in the fabrication of the
micro pump: 4 layers of parylene (structural); 2 layers of photoresist
and 1 layer of sputtered Si (sacrificial); and 2 layers of Cr/Au
(electrode).
Fig. 3 Photomicrograph of a fabricated device. (Each pumping
chamber is 200 mm in diameter. Venting holes are connected to the
actuation chambers and separated from the fluid channel.)
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the driving signal, as shown in Fig. 4. This figure also shows
that, to achieve peristaltic motion, the control signals of the
three actuation chambers followed a 3-phase peristaltic
sequence, which was generated by a logic circuit and driven
by a 1–100 Hz clock. Fig. 5(a) shows the video snapshots of
pump actuation during this 3-phase actuation sequence.
Pumping measurement
Flow rate measurement in the range of several nL min21
proved to be very difficult. Any off-chip measurements would
be extremely difficult due to the huge dead volume resulting
from the packaging and coupling. For flow visualization, 1 mm
polystyrene beads (Duke Scientific, Palo Alto, CA) were placed
in the fluid at a concentration of tens of beads per nL. These
beads allowed us to visually measure the pumping rate while
not interfering with pump operation. To measure the pumping
rate, first, video was recorded using the microscope of a probe
station (Micromanipulator, Model 6000, Carson City, NV) and
a CCD video camera (Hitachi, Model KP-D20BU). Then, by
analyzing the video image of the moving beads, the flow rate
could be deduced. During pumping, the beads were found to
oscillate back and forth due to the pulse-like peristaltic
actuation. It is the net movement that was translated into
the calculated flow rate. This pump was tested with both
ethanol and water. Ethanol proved to be a more reliable fluid
for testing because even with an AC actuation signal,
electrolysis of water still occurred in some cases. Fig. 5(b)
shows sequential snapshots of a pumping test. The beads are
highlighted in the photographs for clarity. The pump was
actuated at 140 Vp (5 kHz AC), using a 20 Hz phase frequency
for the 3-phase sequence. Here, phase frequency refers to the
frequency of the entire 3-phase-cycle, which is 1/3 of the clock
frequency. Bead velocity was measured to be y100 mm s21.
Fig. 6 shows the pumping rate of ethanol vs. phase frequency.
The actuation voltage used in this test was again 140 Vp
(5 kHz AC). The pumping rate reaches a maximum of
1.7 nL min21 at 20 Hz and decreases at higher frequencies.
It can be clearly seen that at lower frequencies the pumping
rate increases almost linearly with the increasing frequency. At
higher frequencies, the moving membrane is not fast enough to
keep up with the actuation signal, so the actuation magnitude
decreases, thus reducing the pumping efficiency. Due to the
small pressures generated by this micro pump, we were not
able to measure the pumping pressure directly using an off-chip
pressure meter. The pumping pressure at the maximum flow
rate (1.7 nL min21) was estimated to be 1.6 kPa. This pressure
estimate was calculated by assuming that the channels
connecting the pump to the inlet/outlet dominated the
total flow resistance. The dimensions of these channels are
100 mm (W) 6 5 mm (H) and have an equivalent length of
24 mm (L).
Modeling and analysis
To further understand the behaviour of the micro peristaltic
pump, this section presents a model that considers the
interactions of the vibrating membranes and the fluid flow.
We first model each pumping chamber and the associated
electrostatic membrane actuator, and then represent the pump
as a system in which individual chambers and actuators
interact with each other. The resulting lumped-parameter
model will be solved numerically to yield insight into the
peristaltic pump operation, especially the dependence of
pumping flow rate on actuation frequency. Definitions of all
the symbols used in this section are also listed in the Appendix.
As shown in Fig. 7, each pumping chamber is modelled as a
thin fluid film sandwiched between a stationary rigid plate
(representing the chamber ceiling) and a flexible membrane that
is actuated by electrostatic force. At zero actuation voltage, the
fluid film has thickness h while the air gap separating
the membrane from the ground electrode has height d. As
the pump operates at frequencies (v100 Hz) much lower than
the membrane’s natural frequency (estimated to be y600 kHz),
the inertia of the membrane can be ignored. In addition, the
membrane can be approximately represented by a rigid plate
that is attached to an linear spring K and moves (quasistati-
cally) with displacement d. The effective spring constant is
chosen in such a way that the pull-in voltage for a pair of
Fig. 4 Signals that were used to realize peristaltic actuation of the
micro pump. Here the diagram shows all the signals used for one
pumping chamber. The phase generator was a digital logic circuit that
consists of 7400 series CMOS based ICs. The clock signal was given by
a HP 33120A function generator. The relay was an optical isolation
solid-state relay.
Fig. 5 Video snapshots. (a) Snapshots from 3-phase peristaltic
actuation. Schematic view of the cross section was added to indicate
the phase sequence. (b) Tracking of beads (highlighted for clarity) for
flow rate measurement.
Fig. 6 Pumping rate vs. phase frequency. Here phase frequency refers
to entire 3-phase-cycle frequency, which is 1/3 of clock frequency.
Fig. 7 Model for a pumping chamber.
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parallel plates (one of which is spring-supported)5,15 is
consistent with eqn. (1). Thus,
K~
27
8
 
1:55p
a
 
stm~
16:43
a
 
stm (2)
As the membrane inertia is ignored, the forces on the
membrane are in equilibrium:
Kd ~ Fh 1 Fe (3)
where the electrostatic actuation force Fe on the membrane due
to an applied voltage V can be determined using the parallel-
plate approximation, and is given by
Fe~
e0V
2A
2(dzti=ep{d)
2
(4)
To obtain a closed-form expression for the hydrodynamic
force Fh, a first approximation is used where the fluid film,
bounded by the pair of stationary and moving rigid plates as
described above, is treated to be square in shape with area A.
Improvements considering the circular shape of the fluid
film are being addressed by ongoing work. As the liquid
film thickness is small compared with the membrane diameter,
and membrane vibrations occur at low frequencies (v100 Hz),
it is reasonable to ignore fluid inertia and assume the
pressure, p, to be uniform across the fluid film. The
Reynolds equation in classical lubrication theory20 then
adequately describes the hydrodynamics of the liquid film. In
the coordinate frame shown in Fig. 7, this equation takes the
form
L
Lx (hzd)
3 Lp
Lx
 
~12 _d
p x~0~paj , p x~ ffiffiffiAp ~pb


8
<
:
(5)
where m is the liquid viscosity, and pa and pb are pressures
immediately upstream and downstream of the chamber,
respectively. The fluid pressure p, which is also the pressure
on the membrane, can be found from this equation, and
integrated to yield the hydrodynamic force as follows:
Fh~{
A2
(hzd)3
_dz
1
2
(pazpb)A (6)
In addition, it can be shown that qa and qb, the rates of fluid
flow into and out of the chamber, are related to the chamber
inlet and outlet pressures by
qa
b
~+
1
2
_dAz
(hzd)3
12
(pa{pb) (7)
The continuity of fluid flow also requires that
qa{qb~A _d (8)
Thus, we have obtained a model for each pumping chamber,
consisting of eqns. (3) (with eqns. (4) and (6) substituting for Fe
and Fh), (7) and (8).
With the chamber model above, the pump can be represented
as a system consisting of the three chambers and the inlet and
outlet channels leading to and from the pump, as illustrated in
Fig. 8. Here, the deflection di of the ith membrane (actuated by
voltage V i), is related to the flow rates qi and qi11, and pressures
pi and pi11 by eqns. (3), (4) and (6). Neglecting flow inertia, the
inlet and outlet channels are each represented by a flow
resistance given by
RL~
12L
WH3
(9)
where L, W , and H are the channel length, width and height,
respectively. Then, assuming the reservoirs where the channels
originate or terminate are at atmospheric pressure, the flow rate
and pressures immediately upstream and downstream of the
pump are related by
2p1 ~ RLq1, p4 ~ RLq4 (10)
The pump model hence consists of a system of nonlinear
ordinary differential equations as the electrostatic and hydro-
dynamic forces (eqns. (4) and (6)), and the chamber flow rates
(eqns. (7) and (8)) are nonlinear in membrane deflections, but
can be readily solved numerically. Here we used the commercial
numerical simulation software MATLAB (The Mathworks
Inc., Natick, MA).
We now present pumping flow rates and pressures calculated
from the pump model. Consistent with the experiment, a
3-phase voltage sequence is used:
V i ~ V(t 2 (i 2 1)T /3) i ~ 1,2,3 (11)
Here V(t) is a square wave of period T, such that V(t)~ 140 V
if 0 v t v T/3, and V(t) ~ 0 V if T/3 v t v T . We choose
nominal values d ~ 2 mm, and allow h to vary from 0.1 to
1.2 mm. The inlet and outlet channels each have effective length
24 mm, width 100 mm, and height 5 mm. The time-averaged
pumping flow rate and pressure difference p4 2 p1 (Fig. 8)
obtained for various values of h are shown in Fig. 9 and
Fig. 10. It can be seen that in general, for a given fluid film
thickness h, the average flow rate and pressure difference
initially increase with frequency, reaches a maximum (i.e.
resonance), and then decrease with frequency. In particular, for
h ~ 0.6 mm, the average flow rate achieves a maximum of
1.78 nL min21, and the average pressure difference achieves a
maximum of 1.63 kPa, both at 18 Hz. This behavior is
consistent with the experimental data (Fig. 6). Note that h ~
0.6 mm, along with d~ 2 mm, is considered to lie in the range of
the actual parameter values for the device tested, which we were
not able to accurately measure. It can also be seen from the
Fig. 8 Representation of the pump as a system consisting of
individual chambers and load microchannels.
Fig. 9 Calculated frequency dependence of the time-averaged pump-
ing flow rate.
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figures that as h decreases, the frequency at which the flow rate
and pressure reach the maximum steadily decreases, due to
increasingly larger damping of membrane vibrations (eqn. (6)).
The maximum flow rate and pressure difference initially
increase, and then decrease with h. This is due to the competing
effects, both resulting from the decrease in h, of increased
damping on membrane vibrations, and reduced backward flow
due to improved sealing of the fluid chambers.
In Fig. 9 and Fig. 10, the actuation voltage (140 V) exceeds
the pull-in voltage (126 V), and the membranes therefore
vibrate beyond the critical displacement (d1ti/ep)/3 as given by
static theory.5 The vibration is adequately described by our
model provided the excitation frequency is not too low to cause
the touchdown of the membrane on the bottom electrode.
Therefore, computations have been performed for each h only
at frequencies that do not cause membrane touchdown. The
frequency dependence of the flow rate can be attributed to
the complex interplay of the excitation frequency, and the
amplitude and phase of membrane stroke vibrations. For
example, as shown in Fig. 9 and Fig. 10, there is a local
minimum in flow rate and pressure for h ~ 1.2 mm, although
this minimum is quite insignificant. More importantly, the
interplay between the frequency and membrane stroke volume
is the cause for the flow rate to reach the maximum (Fig. 9). At
low frequencies the tendency for an increase in frequency to
increase the flow rate dominates over the tendency for the
reduced membrane stroke volume to decrease the flow rate, and
at frequencies beyond the maximum, the relative significance of
these tendencies is reversed.
Conclusions
Based on a multilayer parylene, surface-micromachining
technology, an electrostatically actuated micro peristaltic
pump has been developed. The electrostatic actuation of
parylene structures was studied along with the problems
associated with it, such as charging and electrolysis. An AC
actuation voltage combined with a 3-phase peristaltic actuation
sequence, were used to demonstrate fluid pumping. A flow rate
of 1.7 nL min21 and an estimated pumping pressure of 1.6 kPa
were achieved. The relationship between pumping and phase
frequency was also characterized. The pump dynamics and
performance were then investigated further by an analysis
based on a lumped-parameter model of the system. The
analysis correctly predicted the trend in the experimental data.
Due to the pump’s small footprint, large-scale integration
becomes feasible. Moreover, since the micro pump shares the
same platform technology as many other devices we have
previously developed (e.g. valves, electrospray ionization
nozzles, filters and flow sensors), total integration for a
mTAS becomes feasible.
Appendix
All symbols used in the paper are listed in Table 1 below.
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